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We report new petrological data and geochronological measurements of granulites from Vesleknausen in
the highest-grade section of the Lützow-Holm Complex, part of the Gondwana-assembling collisional
orogen in East Antarctica. The locality is dominated by felsic to intermediate orthogneiss (charnockite
and minor biotite gneiss), maﬁc orthogneiss, and hornblende-pyroxene granulite, with deformed and
undeformed dykes of metagranite and felsic pegmatite. Pseudosection analysis of charnockite in the
system NCKFMASHTO, supported by geothermometry of maﬁc orthogneiss, was used to infer peak
metamorphic temperatures of 750e850 C, approximately 150 C lower than those estimated for met-
asedimentary gneisses from Rundvågshetta, 6 km to the northeast. SHRIMP U-Pb analysis of zircons from
feldspar-pyroxene gneiss, which corresponds to a partially molten patch around maﬁc orthogneiss,
yielded a Concordia upper intercept ages of 2507.9  7.4 Ma, corresponding to the time of formation of
the magmatic protolith to the orthogneiss. Partial melting during peak metamorphism probably took
place between 591 and 548 Ma, as recorded in rims overgrew around magmatic zircon. Our results
suggest that Rundvågshetta-Vesleknausen-Strandnibba region in southwestern Lützow-Holm Bay, where
orthogneisses are dominant, consists of a single crustal block, possibly formed by ca. 2.5 Ga arc mag-
matism. The Neoarchean magmatic terrane was tectonically mingled with other fragments (such as
metasedimentary units in northern Lützow-Holm Bay) by subduction/collision events during the as-
sembly of Gondwana supercontinent, and subsequently underwent w850 C granulite-facies meta-
morphosed during Neoproterozoic to Cambrian ﬁnal collisional event.
 2013, China University of Geosciences (Beijing) and Peking University. Production and hosting by
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The late Neoproterozoic to early Cambrian East African‒Ant-
arctic Orogen (EAAO) is regarded as one of the largest collisional
orogenic belts in the Earth’s history, thought to have been formed
during the amalgamation of Gondwana supercontinent. Although
classic models invoked the formation of the orogen by a single
collision of pre-existing East and West Gondwana continents (e.g.,
Stern, 1994; Shackleton, 1996), recent studies propose that the
EAAO is formed by a series of orogenic events of various proto-East
Gondwana fragments against a coherent West Gondwana between
750 and 530Ma (e.g., Meert and Voo,1997; Meert, 2003; Jacobs andeking University. Production and hosting by Elsevier B.V. All rights reserved.
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Meert and Lieberman, 2008; Santosh et al., 2009a,b). Many recent
studies on high-grade metamorphic rocks in southern India, Sri
Lanka, Madagascar, and East Antarctica, which occupy the central
region of Paleozoic Gondwana supercontinent, have focused on
unraveling the structural and metamorphic processes in this region
as the juxtaposition of these crustal blocks is critical in under-
standing the history of Gondwana amalgamation (e.g., Collins and
Windley, 2002; Sajeev and Osanai, 2004; Santosh et al., 2009a;
Tsunogae and Santosh, 2011).
The Lützow-Holm Complex, exposed along the Prince Olav and
Prince Harald Coasts of East Antarctica (Fig. 1a), is known for expo-
sures of regionally metamorphosed amphibolite- to granulite-facies
rocks formed during the late Neoproterozoic to early Cambrian
‘Gondwanaorogeny’ associatedwith theﬁnal phase of amalgamation
of continental fragments within the Gondwana assembly (w0.55 Ga,
e.g., Shiraishi et al., 2003, 2008). It is bordered to the east by theMeso-
to Neoproterozoic Rayner Complex, while the western and southern
extent of the complex is unknown due to thick ice cover (Fig.1a). The
dominant lithologies of the complex are orthogneiss (charnockiteFigure 1. (a) Location of representative rock exposures in the Land biotite gneiss) and various metasedimentary and metavolcanic
rocks, which increase inmetamorphic grade fromamphibolite-facies
in the northeast to granulite-facies in the southwest (e.g., Hiroi et al.,
1991). The highest-grade metamorphic rocks of the complex are
exposed at Rundvågshetta (Fig. 1) in the southwestern part of the
Lützow-Holm Complex, where assemblages such as spinel þ quartz
(Motoyoshi et al., 1985a; Kawasaki et al., 2011), orthopyroxene þ
sillimanite þ quartz (Kawasaki et al., 1993; Motoyoshi and Ishikawa,
1997; Fraser et al., 2000), sapphirine þ quartz (Yoshimura et al.,
2008a), and osumilite-bearing assemblages (Kawasaki et al., 2011),
that are diagnostic of metamorphism at T > 900 C, have been re-
ported. The peak PeTcondition of Rundvågshetta has been estimated
as 1040 C at 13e15 kbar (Kawasaki et al., 2011). Such granulites
formedby ultrahigh-temperature (UHT)metamorphism (e.g., Harley,
1998; Brown, 2007; Kelsey, 2008) have also been reported from
adjacent localities such as Skallen and Skallevikshalsen, about 30 km
northeast of Rundvågshetta (Osanai et al., 2004; Yoshimura et al.,
2008b). The peak UHT event in Rundvågshetta was followed by
retrograde stages of 950 C at 8 kbar and 830 C at 6.1 kbar along a
clockwise PeT path (Kawasaki et al., 2011). Fraser et al. (2000) arguedützow-Holm complex. (b) Geological map of Vesleknausen.
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300 C by ca. 500 Ma based on K/Ar and 40Ar/39Ar ages from horn-
blende and biotite.
Recently we performed a detailed geological ﬁeld survey of the
granulite-facies region of the Lützow-Holm Complex on the Prince
Harald coast of Lützow-Holm Bay, during the 52nd Japanese Ant-
arctic Research Expedition (JARE52), and examined granulites from
a new locality named Vesleknausen, from which no geological ob-
servations have been reported. Although Vesleknausen is a small
(0.7 km 1 km) rock exposure, the location is only 6 km southwest
of Rundvågshetta, so that it would be expected that the rocks there
underwent similar degrees of UHTmetamorphism. Detailed studies
on structural andmetamorphic processes of Vesleknausen therefore
provide valuable new information on the tectono-thermal evolution
of this region. In this study, we present the ﬁrst geological and
petrographic observations of granulites from Vesleknausen, and
discuss the PeTevolution of this locality based onmineral chemistry
and pseudosection analysis of charnockite. We also performed
SHRIMP U-Pb analysis of zircon to determine the time of peak
metamorphism aswell as protolith formation. Our newpetrological
data are important in understanding themetamorphic historyof the
Lützow-Holm Complex as well as in correlating the regional extent
of UHTmetamorphic belts in the EAAO. Such information is vital for
evaluating the tectonics of continentecontinent collision during the
Pan-African orogeny in East Antarctica, associated with the ﬁnal
assembly of the Gondwana supercontinent.Figure 2. Field occurrences of representative lithologies in Vesleknausen. (a) Dark grayish
Gneissosity is not obvious in hand specimen. (b) Compositional layering deﬁned by felsic to
(P) (K-feldspar þ quartz  biotite) that cuts foliation of all lithologies as a later product. (c) E
maﬁc orthogneiss in felsic orthogneiss (charnockite). (e) Boudins of maﬁc orthogneiss surro
(f) Dark greenish brown Hbl-Px granulite that occurs as layers distributed parallel to the folia
apparently intruded in and cutting foliation of felsic to intermediate orthogneiss. (h) Boudin
ﬁne-grained metagranite (PG) dykes and other bodies that cut gneissosity in orthogneiss, a
feldspar parallel to the dominant gneissosity. These isoclinal folds are in turn deformed by2. Geology of Vesleknausen
Vesleknausen (“little knoll” in Norwegian) is a 1 kmwide rocky
outcrop located near the southern end of the Sôya Coast of Lützow-
HolmBay (695703000S, 385401000E; Fig.1a). It is geomorphologically
divided into a low, ﬂat terrace mostly covered by snow in the north
and a craggy rise about 100 m above sea level in the south. Lithol-
ogies comprise mainly felsic to intermediate orthogneiss (mostly
charnockite), intercalated with maﬁc orthogneiss, and lesser
amounts of melanocratic hornblende þ two-pyroxene (Hbl-Px)
granulite, ﬁne-grained metagranitic and metamaﬁc dykes, and un-
deformed felsic pegmatite (Fig. 1b). Lithological varieties and ﬁeld
relationships are principally similar to those found in the southern
part of Rundvågshetta (Motoyoshi et al., 1986), located 6 km
northeast of Vesleknausen, and Strandnibba (Motoyoshi et al.,
1985b) approximately 2 km southwest from Vesleknausen (Fig. 1a).
The predominant felsic to intermediate orthogneiss is composed
mainly of charnockite, alongwithminor biotite gneiss. Charnockite is
olive-colored on fresh faces and pale brown on weathered faces
(Fig. 2aandb), andcontainsorthopyroxeneasastablephase.Although
the foliation is sometimes weak in granoblastic hand specimens
(Fig. 2a), charnockite has a well-developed gneissosity that is inter-
calatedwithmaﬁc orthogneiss (Fig. 2b). Biotite gneiss occurs in small
amounts, and can be distinguished by being gray on fresh surfaces,
ﬁne-grained, and lacking in orthopyroxene. It occurs in layers and
boudins 30e100 cm thick in association with charnockite and maﬁcfelsic to intermediate orthogneiss (FO) is the most abundant lithology in this area.
intermediate orthogneiss and intercalated maﬁc orthogneiss (MO). Pinkish pegmatite
longated boudins of grayish biotite gneiss (BG) within maﬁc orthogneiss. (d) Layers of
unded by coarse-grained leucocratic Fs-Px rock (FPR) of possibly partial-melting origin.
tion of matrix felsic to maﬁc orthogneiss. (g) Discordant rock bodies of Hbl-Px granulite
s of concordant Hbl-Px granulite in felsic and maﬁc orthogneisses association. (i) Pink,
nd are deformed into isoclinal folds with axial planar foliations deﬁned by biotite and
mesoscopic open folds with sub-vertical E-trending axes.
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occurs in layers a few cm tow5m thick, and as chains of boudins that
can be traced for hundreds of meters along strike (Fig. 2b and d). It is
oftenaccompaniedby feldspathic layers, pods, andnebulitic networks
with migmatitic textures that are variably deformed. For example, in
Fig. 2e, a boudinofmaﬁcorthogneiss in charnockite is surroundedbya
coarse-grained leucocraticnetworkcontainingK-feldspar,plagioclase,
and clinopyroxene. The coarse-grained, unfoliated appearance of this
nebuliticnetwork suggests anoriginasmeltderived fromfelsic and/or
maﬁc orthogneiss, post-dating deformation that produced foliation
andgneissosity in the latter. Asdiscussed in a later section, this coarse-
grained rock (feldspar-pyroxene rock) was dated by SHRIMP to
examine the timing of these relationships.
Vesleknausen is also host to abundant discrete layers and
discontinuous bodies of black, massive, hornblende-pyroxene-rich
granulite, broadly distributed along gneissosity in the orthogneiss
(Fig. 2f). Some bodies have discordant contacts with the host
orthogneiss (Fig. 2g), whereas others are boudinaged within felsic
orthogneiss (charnockite) (Fig. 2h), suggesting emplacement as
dykes and stocks before and/or during high-strain deformation. All
varieties are strongly metamorphosed and deformed.
Pink, ﬁne-grained metagranite occurs as strongly deformed
dykes and networks that intrude orthogneiss and hornblende-
pyroxene granulite. In a few localities, complex structural re-
lationships are revealed by metagranite dykes that cut gneissosity
in orthogneiss, and are deformed into isoclinal folds with axial
planar foliations deﬁned by biotite and feldspar parallel to the
dominant gneissosity (Fig. 2i). These isoclinal folds are in turn
deformed by mesoscopic open folds with sub-vertical E-trending
axes (Fig. 2i). As the metagranite occurs in small amounts and as
thin layers, it is not shown on the geological map (Fig. 1b).
Vesleknausen is also host to sparse sets of NNE to NNW-
trending, sub-vertical pegmatite dykes that intrude all lithologies
(Fig. 1b). Pegmatite is composed of pink K-feldspar and quartz in
crystals up to several centimeters across, with or without biotite.
The dykes slightly hydrate maﬁc minerals in host lithologies, pro-
ducing biotite (Fig. 2b). The pegmatites are undeformed, but in
places are associated with minor faults and discrete shear zones.
The strong gneissosity in felsic, intermediate, and maﬁc
orthogneiss records the earliest recognizable stage of high-strain
deformation, herein deﬁned as Dn. Orthogneisses typically have
granoblastic fabrics, with a variably intense Sn foliation deﬁned by
trains of granoblastic orthopyroxene (Fig. 2b). In places intrafolial
folding of discontinuous felsic laminations are visible in felsic
orthogneiss. Mesoscopic isoclinal folds with an axial planar folia-
tion deﬁne Dn þ 1 structures, that can only be distinguished from Dn
structures where metagranitic dykes were intruded between the
events (Fig. 2i); elsewhere, Sn and Sn þ 1 fabrics follow gniessosity,
and cannot be distinguished. Some or all hornblende-pyroxene
granulite protoliths may also have been intruded after Dn, and
both metagranitic and metamaﬁc dykes are boudinaged during
Dn þ 1. The variable attitude of Sn/Sn þ 1 gneissosity and foliation is
controlled by meso- to macro-scale open Fn þ 2 folds, which have
E-trending sub-vertical axial planes and a weakly developed Sn þ 2
deﬁned by biotite ﬂakes. Pegmatite dykes postdate ductile defor-
mation, but are occasionally associated with Dn þ 3 semi-ductile
shear zones and faults with only cm-scale displacements, which
are steep to sub-vertical and trend NNW to NNE.
3. Petrography
Photomicrographs of representative lithologies in Vesleknausen
discussed beloware shown in Fig. 3. Approximatemodal abundance
of rock-forming minerals in the rocks is summarized in Table 1.
Mineral name abbreviations are after Spear (1993).3.1. Felsic to intermediate orthogneiss (charnockite)
Orthopyroxene-bearing and coarse-grained felsic to intermedi-
ate orthogneiss (or charnockite) is the most dominant lithology in
Vesleknausen. A representative sample Ts11012409-1 is composed
of quartz (40e50%), K-feldspar (30e40%), plagioclase (5e10%), and
orthopyroxene (5e10%) with accessory clinopyroxene, biotite,
apatite, and zircon. Foliation deﬁned by alternation of the orthog-
neiss and maﬁc orthogneiss layers can be seen in outcrops (Fig. 2b)
as well as in regional scale (Fig. 1b), but it is not obvious in thin
section (Fig. 3a). Although quartz is sometimes present as elongated
coarse-grained (up to 9mm)minerals, lack of undulatory extinction
suggests that the quartz grains recrystallized at high-temperature
stage after the main deformation event. K-feldspar (0.2e1.1 mm) is
subhedral and perthitic, and shows granoblastic texture. Orthopyr-
oxene (0.3e2.0 mm) is subhedral to anhedral and scattered in the
quartzo-feldspathic matrix. Myrmekite is often present along the
grain boundaries of plagioclase. Biotite occurs as medium-grained
(0.2e0.8 mm) ﬂakes mainly in orthopyroxene-poor portions of the
rock, and not a product of hydration after orthopyroxene; it is
therefore regarded as a stable phase at high-grade metamorphism.
3.2. Biotite gneiss
Biotite gneiss is a medium-grained feldspathic rock with abun-
dant biotite. A representative sample Ts11012402 (Fig. 3b) is
composed of plagioclase (80e90%), K-feldspar (5e10%), and biotite
(5e10%) with minor apatite and zircon. Quartz is absent or occurs in
accessory amounts along feldspar grain boundaries. No foliation can
be seen in hand specimen, although it is intercalated with maﬁc
orthogneiss at outcrop scale (Fig. 2c). Plagioclase (0.2e1.5 mm) is
subhedral in a granoblastic fabric. Minor ﬁne-grained K-feldspar
(0.2e0.5 mm) ﬁlls the grain boundary of the plagioclase. Biotite
(0.1e0.9 mm) occurs as randomly oriented ﬂakes.
3.3. Maﬁc orthogneiss
Maﬁc orthogneiss (maﬁc granulite) is a medium-grained dark
grayish rock containing predominantly orthopyroxene, clinopyrox-
ene and plagioclase. All of the maﬁc orthogneiss samples examined
have similar mineral assemblages and textures. A representative
sample Ts11012401B (Fig. 3c) is composed of plagioclase (40e50%),
orthopyroxene (10e20%), hornblende (5e15%), biotite (5e15%), and
clinopyroxene (5e10%), with accessory ilmenite and apatite. Quartz
is absent in the rock. It is characterized by medium-grained
(0.3e0.7 mm) sub- to xenoblastic orthopyroxene and clinopyrox-
ene in the matrix of plagioclase. The plagioclase is medium grained
(0.3e1.1 mm) and granoblastic. Dark brownish hornblende often
occurs as coarse-grained (up to 3.5mm)porphyroblast and is aligned
along weak foliation deﬁned by interlayering of plagioclase-rich and
hornblende-pyroxene-rich layers. Brownish biotite often accom-
panies with hornblende and is sometimes intergrown.
Maﬁc orthogneiss is often associated with coarse-grained feld-
spathic rocks, probably formed by partial melting during high-grade
metamorphism (Fig. 2e). Such coarse-grained felsic pyroxene
granulite, discussed later in Section 3.5, was adopted for the
U-Pb geochronology in order to identify the time of high-grade
metamorphism.
3.4. Hornblende-pyroxene (Hbl-Px) granulite
Hbl-Px granulite is a coarse-grained, massive, and dark greenish
brown rock type associated with maﬁc orthogneiss and felsic to
intermediate orthogneiss. Although both concordant and discordant
types have been recognized (Fig. 2f and g), there are no petrographic
Figure 3. Photomicrographs showing representative mineral assemblages and textures of high-grade metamorphic rocks from Vesleknausen. All photographs were taken by
polarized light. Opx: orthpyroxene, Cpx: clinopyroxene, Pl: plagioclase, Kfs: K-feldspar, Qtz: quartz, Ilm: ilmenite, Bt: biotite, Hbl: hornblende. (a) Subidioblastic pyroxenes in a
matrix of feldspars and quartz in felsic orthogneiss (charnockite) (sample Ts11012409-1). (b) Biotite ﬂakes and feldspathic matrix in biotite gneiss (sample Ts11012402). (c)
Granoblastic plagioclase, pyroxenes, and hornblende in maﬁc orthogneiss (sample Ts11012401B). (d) Coarse-grained clinopyroxene, hornblende, and biotite in Hbl-Px rock (sample
B98021103A). (e) Plagioclase-bearing and biotite-rich portion of Hbl-Px rock (sample Ts11012403B). (f) Coarse-grained granoblastic K-feldspar and subidioblastic clinopyroxene in
Fs-Px rock (sample Ts11012406B), which are the product of partial-melting of charnockite/maﬁc orthogneiss.
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(Fig. 3d) is composed of hornblende (40e50%), orthopyroxene
(20e30%), clinopyroxene (15e25%), and biotite (2e5%). Plagioclase
is present in some samples (e.g., Ts11012403B, Fig. 3e). No obviousTable 1
Modal abundance of minerals in granulites discussed in this study.
Sample No. Lithologya Qtz Pl Kfs
Ts11012401A MO þþþ
Ts11012401B MO þþþ
Ts11012401C MO þþþ
Ts11012402 BG þþþ þþ
Ts11012403A Hbl-Px
Ts11012403B Hbl-Px þ
Ts11012404B MO þþþ
Ts11012406A MO þþþ
Ts11012406B Fs-Px þ þ þþþ
Ts11012406C MO þþþ
Ts11012407A FO þþ þ þþ
Ts11012407B MO þþþ
Ts11012407C Hbl-Px þ
Ts11012408A BG þþþ þ
Ts11012409 MO þþþ
Ts11012409-1 FO þþþ þ þþþ
þþþ: abundant; þþ: moderate; þ: rare.
a MO: maﬁc granulite; BG: biotite gneiss; Hbl-Px: hornblende-pyroxene rock; FO: felsfoliation can be seen in hand specimen or thin section. Hornblende
is coarse-grained (0.5e1.9 mm) and pale brownish. Biotite
(0.2e1.4 mm) occurs along the grain boundary of hornblende and
orthopyroxene, and is probably retrograde in origin.Opx Cpx Bt Hbl Ilm Accessory
þþ þþ þ þþ þ
þþ þþ þ þþ þ Ap
þþ þþ þ þþ þ Ap, Chl
þþ Ap, Zrn
þþ þþ þ þþþ Ap
þþ þþ þþ þþþ Ap, Mag
þ þ þþ þ Ap
þ þ þþ þþ þ Ap
þþ þþ Ap
þ þ þþ þþ þ Ap
þ þ Ap, Zrn
þþ þ þþ þþ þ Ap
þþ þþ þþþ
þþ þþ Ap, Zrn
þþ þ þ þ Ap
þ þ Ap, Zrn
ic to intermediate orthogneiss; Fs-Px: feldspar-pyroxene rock.
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This is a coarse-grained feldspathic rock present around boudins
of maﬁc orthogneiss within felsic orthogneiss (Fig. 2e). Sample
Ts11012406B (Fig. 3f) is composed of K-feldspar (40e50%), plagio-
clase (20e30%), clinopyroxene (10e20%), and orthopyroxene
(5e10%). Accessory minerals are magnetite, zircon, and apatite.
Quartz is absent in the rock. It has granoblastic texture and lacks
obvious foliation in thin section. K-feldspar is coarse-grained
(w3.3 mm) and shows obvious exsolution texture with abundant
thin lamellae of plagioclase. Plagioclase (0.1e0.3mm) also occurs as
a matrix phase. Pyroxenes (0.5e4 mm) are subhedral, scattered in
the sample, and occur as aggregates to form pyroxene-rich do-
mains. Myrmekite is commonly seen along grain boundaries of
feldspars. The relatively high contents of K and Ca in this lithology,
as well as the petrographical observations discussed above (coarse
grained, unfoliated nature, appearance as nebulitic networks),
might suggest that the Fs-Px rock is a partial melting product of the
metasomatic zone between maﬁc orthogneiss and charnockite.4. Mineral chemistry
Chemical analyses of all minerals were carried out using an
electron microprobe analyzer (JEOL JXA8530F) at the Chemical
Analysis Division of the Research Facility Center for Science and
Technology, the University of Tsukuba. The analyses were per-
formed under conditions of 15 kV accelerating voltage and 10 nA
sample current, and the data were regressed using an oxide-ZAF
correction program supplied by JEOL. Below we summarize the
salient results from mineral chemistry data from the analyzed
rocks. Representative compositions of minerals are given in
Tables 2 and 3.Table 2
Representative electron microprobe analyses of orthopyroxene, clinopyroxene, and bioti
Opx (O ¼ 6) Cpx (O ¼ 6)
Lithologya FO FO Hbl-Px MO Fs-Px FO Hbl-
Sample
No.
TS110-
12409-1
TS110-
12407A
TS110-
12403A
TS110-
12401B
TS110-
12406B
TS110-
12409-1
TS11
124
SiO2 52.87 53.48 54.92 53.39 52.52 52.36 54
Al2O3 0.73 0.64 0.90 1.17 0.71 1.76 2
TiO2 0.04 0.05 0.07 0.03 0.05 0.26 0
Cr2O3 0.01 0.01 0.09 0.00 0.05 0.08 0
FeOb 23.68 23.31 18.59 25.49 24.59 9.38 7
MnO 0.50 0.83 0.43 0.67 0.65 0.19 0
MgO 22.25 22.06 25.92 20.50 21.95 13.18 14
CaO 0.35 0.63 0.48 0.48 0.53 21.75 21
Na2O 0.05 0.01 0.05 0.00 0.00 0.88 1
K2O 0.01 0.01 0.01 0.00 0.01 0.00 0
Total 100.49 101.01 101.45 101.74 101.05 99.87 100
Si 1.972 1.982 1.977 1.979 1.960 1.962 1
Al 0.032 0.028 0.038 0.051 0.031 0.078 0
Ti 0.001 0.001 0.002 0.001 0.001 0.007 0
Cr 0.000 0.000 0.002 0.000 0.001 0.002 0
Fe2þ 0.738 0.722 0.559 0.790 0.767 0.294 0
Mn 0.016 0.026 0.013 0.021 0.020 0.006 0
Mg 1.236 1.218 1.389 1.132 1.220 0.736 0
Ca 0.014 0.025 0.018 0.019 0.021 0.873 0
Na 0.004 0.000 0.003 0.000 0.000 0.064 0
K 0.001 0.000 0.001 0.000 0.000 0.000 0
Total 4.013 4.003 4.003 3.994 4.023 4.023 4
Mg/(Fe þ
Mg)
0.63 0.63 0.71 0.59 0.61 0.71 0
a FO: felsic orthogneiss; Hbl-Px: hornblende-pyroxene rock; MO: maﬁc orthogneiss; F
b Total Fe as FeO.4.1. Pyroxenes
Orthopyroxene in various granulites from Vesleknausen is
enstatite-rich in composition. Orthopyroxene in sample
Ts11012409-1 (felsic to intermediate orthogneiss) has XMg (¼ Mg/
(Fe þMg)) ratio of 0.62e0.63. Al content in the mineral is very low
as 0.04 pfu (0.70e0.92 wt.%), which is a common feature of char-
nockite in the Gondwana orogeny (e.g., Rajesh et al., 2011).
Orthopyroxene in other felsic to intermediate orthogneiss samples
(e.g., Ts11012407A) principally has similar composition of
XMg ¼ 0.63‒0.64 and Al2O3 ¼ 0.64‒0.66 wt.%. Orthopyroxene in
Hbl-Px granulite (e.g., Ts11012403A) shows the highest XMg of
0.69e0.72, while that in maﬁc orthogneiss (e.g., Ts11012401B) is
slightly enriched in Fe and Al as XMg ¼ 0.58‒0.59 and Al2O3 ¼ 1.1‒
1.2 wt.%. Orthopyroxene in Fs-Px rock (Ts11012406B) has moderate
XMg and Al2O3 content (sample Ts11012406B; XMg ¼ 0.61‒0.62,
Al2O3 ¼ 0.62‒0.71 wt.%).
All clinopyroxene in felsic to intermediate orthogneiss
(XMg ¼ 0.70e0.73), maﬁc orthogneiss (XMg ¼ 0.65e0.71), Hbl-Px
granulite (XMg ¼ 0.78e0.79), and Fs-Px rock (XMg ¼ 0.68e0.70)
are compositionally classiﬁed as augite. Its Al2O3 content varies
from 1.6e1.9 wt.% (felsic to intermediate orthogneiss) to 2.0‒
2.2 wt.% (Hbl-Px granulite and Fs-Px rock), and up to 3 wt.% (maﬁc
orthogneiss).4.2. Calcic amphibole
Calcic amphiboles in the maﬁc orthogneiss and Hbl-Px granulite
from Vesleknausen show notable compositional variation
depending on the host rocks. Brownish subhedral amphibole in
Hbl-Px granulite in samples Ts11012403A is compositionally par-
gasite (XMg¼ 0.69‒0.71, Si¼ 6.6‒6.7, Naþ KA¼ 0.69e0.71) after thete.
Bt (O ¼ 22)
Px MO Fs-Px FO FO Hbl-Px MO BG
0-
03A
TS110-
12401B
TS110-
12406B
TS110-
12409-1
TS110-
12407A
TS110-
12403A
TS110-
12401B
TS110-
12402
.00 51.49 51.78 39.51 38.90 37.60 38.37 38.40
.02 3.06 2.14 13.65 13.81 13.57 14.26 14.08
.26 0.38 0.25 3.34 4.72 5.54 5.03 5.03
.22 0.00 0.00 0.07 0.00 0.39 0.04 0.03
.43 12.58 10.59 11.65 14.65 11.52 15.67 16.15
.15 0.33 0.24 0.04 0.12 0.02 0.13 0.07
.52 12.95 13.04 17.46 14.85 16.00 13.72 14.12
.31 20.13 21.52 0.00 0.00 0.05 0.00 0.00
.00 0.45 0.86 0.05 0.05 0.40 0.02 0.01
.00 0.00 0.00 8.08 7.87 9.71 9.81 9.95
.90 101.37 100.43 93.85 94.97 94.79 97.04 97.84
.976 1.918 1.941 5.824 5.750 5.586 5.648 5.624
.087 0.135 0.095 2.372 2.405 2.375 2.473 2.429
.007 0.011 0.007 0.370 0.524 0.619 0.557 0.554
.006 0.000 0.000 0.008 0.000 0.045 0.004 0.004
.227 0.392 0.332 1.435 1.810 1.430 1.928 1.978
.005 0.011 0.008 0.005 0.015 0.003 0.016 0.008
.791 0.719 0.728 3.834 3.270 3.540 3.008 3.080
.835 0.803 0.864 0.000 0.000 0.008 0.000 0.000
.071 0.032 0.062 0.015 0.015 0.114 0.005 0.003
.000 0.000 0.000 1.519 1.484 1.841 1.842 1.857
.006 4.020 4.036 15.383 15.273 15.562 15.480 15.536
.78 0.65 0.69 0.73 0.64 0.71 0.61 0.61
s-Px: feldspar-pyroxene rock; BG: biotite gneiss.
Table 3
Representative electron microprobe analyses of hornblende and feldspars.
Hbl (O ¼ 23) Pl (O ¼ 8) Kfs (O ¼ 8)
Lithologya Hbl-Px Hbl-Px MO FO BG Fs-Px MO FO FO BG Fs-Px
Sample
No.
TS110-
12403A
TS110-
12403B
TS110-
12401B
TS110-
12409-1
TS110-
12402
TS110-
12406B
TS110-
12401B
TS110-
12409-1
TS110-
12407A
TS110-
12402
TS110-
12406B
SiO2 45.81 43.98 43.01 62.00 63.34 61.84 53.48 64.61 64.02 65.10 64.45
Al2O3 9.90 10.18 11.50 22.85 23.24 23.41 29.74 18.42 18.42 18.80 18.44
TiO2 2.47 2.64 2.34 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.09
Cr2O3 0.44 0.34 0.08 0.01 0.01 0.03 0.04 0.06 0.02 0.00 0.00
FeOb 10.88 11.27 15.48 0.08 0.10 0.10 0.17 0.06 0.15 0.08 0.01
MnO 0.07 0.11 0.07 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.00
MgO 14.35 14.33 10.87 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00
CaO 11.28 11.73 11.15 4.46 5.13 4.82 12.91 0.07 0.03 0.04 0.05
Na2O 2.54 2.03 1.29 8.98 8.43 8.80 4.12 1.75 0.38 0.69 1.61
K2O 0.97 1.13 1.91 0.24 0.56 0.17 0.24 11.45 14.76 15.72 14.32
Total 98.83 97.74 97.70 98.63 100.80 99.18 100.70 96.43 97.78 100.44 98.98
Si 6.621 6.466 6.443 2.785 2.786 2.764 2.408 3.023 3.003 2.989 2.991
Al 1.686 1.764 2.029 1.210 1.205 1.233 1.578 1.015 1.018 1.017 1.008
Ti 0.268 0.291 0.263 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003
Cr 0.050 0.039 0.009 0.000 0.000 0.001 0.001 0.002 0.001 0.000 0.000
Fe2þ 1.315 1.385 1.938 0.003 0.004 0.004 0.007 0.002 0.006 0.003 0.001
Mn 0.009 0.014 0.009 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000
Mg 3.090 3.139 2.425 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000
Ca 1.746 1.847 1.789 0.214 0.242 0.231 0.622 0.003 0.001 0.002 0.003
Na 0.710 0.579 0.375 0.782 0.719 0.762 0.360 0.159 0.035 0.061 0.145
K 0.179 0.211 0.365 0.014 0.031 0.010 0.014 0.683 0.883 0.920 0.847
Total 15.687 15.736 15.645 5.008 4.986 5.005 4.989 4.889 4.947 4.993 4.998
Mg/(Fe þ
Mg)
0.70 0.69 0.56 An (%) 0.77 0.72 0.76 0.36 0.19 0.04 0.06 0.15
Ab (%) 0.21 0.24 0.23 0.62 0.00 0.00 0.00 0.00
Or (%) 0.01 0.03 0.01 0.01 0.81 0.96 0.94 0.85
a FO: felsic orthogneiss; Hbl-Px: hornblende-pyroxene rock; MO: maﬁc orthogneiss; Fs-Px: feldspar-pyroxene rock; BG: biotite gneiss.
b Total Fe as FeO.
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the lithology (sample Ts11012403B) also shows similar composition
of XMg¼ 0.69‒0.70, Si¼ 6.4‒6.5, and Naþ KA¼ 0.73‒0.79. Greenish
amphibole in maﬁc orthogneiss (e.g., sample Ts11012401B) is also
pargasite, but it is slightly Fe rich (XMg ¼ 0.53‒0.56, Si ¼ 6.4‒6.5,
Na þ KA ¼ 0.65e0.70).
4.3. Feldspars
Plagioclase is a dominant mineral in most lithologies in
Vesleknausen. Plagioclase in felsic to intermediate orthogneiss,
biotite-gneiss and Fs-Px rock is albite-rich as An20‒24, yet it is
signiﬁcantly enriched in anorthite molecule in maﬁc orthogneiss as
An57‒62. K-feldspar in biotite gneiss and Fs-Px rock is orthoclase rich
as Or94 and Or78‒85, respectively.
4.4. Biotite
Biotite in Hbl-Px granulite is characterized by high TiO2 content
(5.0‒5.7 wt.%) and XMg (0.69e0.71). Biotite in felsic to intermediate
orthogneiss is slightly TiO2-poor (3.3‒3.4 wt.%) but more magne-
sian (XMg ¼ 0.72e73), while that in biotite gneiss shows the lowest
Mg content of XMg ¼ 0.61‒0.62.
5. Metamorphic condition
5.1. Hornblende-plagioclase geothermometer
As garnet is absent throughout all lithologies in Vesleknausen,
we could not calculate metamorphic conditions by applying con-
ventional geothermometers and geobarometers to mineralassemblages in the granulites of this region except hornblende-
plagioclase pairs. As hornblende occurs as coarse-grained por-
phyroblastic mineral in maﬁc orthogneiss, and the hornblende
commonly coexists with plagioclase (e.g., Fig. 3c), the mineral pair
has been used for conventional geothermometry. Based on horn-
blende solid-solution models and well-constrained natural and
experimental studies, two geothermometers were calculated by
Holland and Blundy (1994) based on the edenite-tremolite reac-
tion, which is applicable to quartz-bearing rocks, and edenite-
richterite reaction, which is applicable to both quartz-bearing and
quartz-free rocks. As quartz is absent in maﬁc orthogneiss of
Vesleknausen, the latter thermometer is used for the calculation of
temperature of maﬁc orthogneiss (e.g., sample Ts11012401B). The
calculated results are 780e790 C at 3e5 kbar, which is consistent
with the results of our pseudosection analysis as discussed below.
5.2. Mineral equilibrium modeling
We employed mineral equilibrium modeling technique to esti-
mate metamorphic PeT conditions of the stability of mineral as-
semblages in felsic to intermediate orthogneiss (sample
Ts11012409-1), a dominant lithology of Vesleknausen. Recently
Endo et al. (2012a,b) applied phase equilibriummodeling technique
to incipient charnockite from two localities in southern India, and
successfully determined the PeT condition of charnockitization.We
therefore attempted to apply the technique to massive charnockite
in Vesleknausen. Although charnockite resulting from both igneous
and metamorphic processes have been reported from different ter-
ranes (e.g., Janardhan et al., 1979; Srikantappa et al., 1985; Frost and
Frost, 1987, 2008; Hansen et al., 1987; Kramers and Ridley, 1989;
Santosh et al.,1990; Bhattacharyya andGoswami, 2009; Rajesh et al.,
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2012), our ﬁeld and petrographic data indicate that charnockitewas
metamorphosed together with intercalated maﬁc to ultramaﬁc
granulites, thereby suggesting that the mineral assemblage in
charnockite might record the PeT condition of high-grade meta-
morphic event.
For the phase equilibrium calculations, we adopted THERMO-
CALC 3.33 software (Powell and Holland, 1988, updated October
2009) with an internally consistent dataset of Holland and Powell
(1998; dataset tcds55s, ﬁle created November 2003). The compu-
tations using this software are based on the stable mineral
assemblage and phase compositions from Gibbs Free Energy
minimization for a given bulk composition at speciﬁed PeT con-
ditions, and the results are used to construct rock - speciﬁc equi-
librium assemblage diagrams (also called pseudosections).
Calculations were undertaken in the system Na2O-CaO-K2O-FeO-
MgO-Al2O3-SiO2-H2O-TiO2-Fe2O3 (NCKFMASHTO) (White et al.,
2003, 2007), which provides the most realistic approximation to
model the rocks examined in this study. The phases considered in
the modeling and the corresponding a-x models used are garnet,
biotite, and melt (White et al., 2007), cordierite (Holland and
Powell, 1998), plagioclase (Holland and Powell, 2003), clinopyrox-
ene (Green et al., 2007), amphibole (Diener et al., 2007),
orthopyroxene, spinel, and magnetite (White et al., 2002), and
ilmenite-hematite (White et al., 2000). The aluminosilicates,
quartz, and H2O are treated as pure end-member phases. For the
analysis, a slab of relatively homogeneous part of the examined
granulite was used for thin-section preparation, and the counter-
part of the same slab was used for chemical analysis. Bulk rock
compositions for the rocks were determined by X-ray ﬂuorescence
spectroscopy at Activation Laboratories, Canada. The chemical
composition (in wt.%) of sample Ts11012409-1 (charnockite) is
SiO2 ¼ 72.18, Al2O3 ¼ 12.76, Fe2O3 ¼ 0.10, FeO ¼ 3.38, MgO ¼ 1.18,
CaO¼ 1.32, Na2O¼ 3.10, K2O¼ 5.22, TiO2¼ 0.19. Mn is neglected in
the modeling because the MnO content of this sample is low
(0.04 wt.%). Fe2O3 is taken into account for the calculations because
the rock contains small but un-negligible quantity of Fe2O3. The
charnockite sample contains 0.06 wt.% P2O5, due to which the
sample contains minor apatite. As we neglect P2O5 from the system,
the CaO content equivalent to apatite should be extracted from the
calculation. The corrected CaO content (1.24wt.%) is adopted for the
pseudosection calculation.
Sample Ts11012409-1 containsK-feldsparþquartzþplagioclaseþ
orthopyroxene þ biotite þ clinopyroxene þ ilmenite  inferred
melt. As orthopyroxene and biotite occurs as subidioblastic
minerals in the matrix of granoblastic quartz and feldspars, we
regard the mineral assemblage as the probable peak assem-
blage. Fig. 4a shows a PeT pseudosection for the sample
calculated using the compositional factors listed in the ﬁgure.
Water content of the rock in mole (M(H2O)) was ﬁxed to be
0.2 mol.% (see discussion below). The stability ﬁeld of the peak
mineral assemblage of the rock plotted in the NCKFMASHTO
pseudosection suggests a narrow PeT range of 750 C at 1 kbar
and 850 C at 10 kbar (hatched area in Fig. 4a) for the
assemblage. The upper temperature stability limit of the
assemblage is deﬁned by the disappearance of biotite, while
the lower limit by the absence of magnetite. The upper pressure
stability limit of the assemblage is deﬁned by the absence of
garnet. The stability ﬁeld of the peak assemblage slightly (about
10 C) shifts toward lower temperature if we adopted higher
M(H2O) value such as 1.0 mol.% (Fig. 4b), but not signiﬁcant.
In this study we also attempted to construct NCKFMASHTO
pseudosections for a charnockite from Rundvågshetta, where UHT
metamorphic conditions of Tw1000 C have been reported, using
the rock composition (in wt.%) (SiO2 ¼ 65.37, Al2O3 ¼ 15.22,Fe2O3 ¼ 1.23, FeO ¼ 3.10, MgO ¼ 3.23, CaO ¼ 3.11, Na2O ¼ 4.50,
K2O ¼ 2.65, TiO2 ¼ 0.45, P2O5 ¼ 0.22) and mineral assemblage
(Cpx þ Opx þ Bt þ Pl þ Kfs þ Qtz þ Opq with apatite) data of
sample RH111 (charnockite) reported by Motoyoshi et al. (1986).
The calculated results in Fig. 4c at M(H2O) ¼ 0.2 mol.% demonstrate
that the mineral assemblage in charnockite was stable at wide P-T
ranges ofw800 C at 2 kbar and 870 C at 9 kbar (hatched area in
Fig. 4c). The stability ﬁeld shifts to slightly higher PeT ofw13 kbar
and w890 C if M(H2O) of 1.0 mol.% is applied (Fig. 4d). The im-
plications of the pseudosections will be discussed in a later section.
6. Geochronology
In order to determine the timing of high-grade metamorphism
as well as protolith formation, we analyzed zircons from sample
Ts11012406B of coarse-grained feldspar-pyroxene granulite, as this
lithology was interpreted as having formed through the partial
melting of charnockite/maﬁc orthogneiss during high-grade
metamorphism.
6.1. Analytical methods
The sample was crushed and zircon grains were concentrated
using heavy liquid and magnetic separation techniques. Zircon
crystals were hand-picked under optical microscope for mounting.
The zircon grains were set in Petropoxy epoxy resin along with
grains of the age reference zircon TEMORA2 (416 Ma; Black et al.,
2004) and the compositional reference zircon SL13 (U concentra-
tion of 238 ppm; Claoué-Long et al., 1995). Themount was polished,
cleaned and evaporation-coated with high-purity gold. In order to
investigate the internal structures of zircon grains, back-scattered
electron (BSE) and cathodoluminescence (CL) images were ob-
tained using scanning electron microscope (JEOL JSM-5900LV) at
the National Institute of Polar Research (NIPR). U-Pb isotopic ana-
lyses of zircon were performed using the sensitive high-resolution
ion microprobe (SHRIMP II) at NIPR. A primary beam of O2 ions
with a current of 4.7 nA was used to sputter analytical spots 25 mm
wide on polished zircon. The secondary mass spectrometer was
focused to a resolution of 5300 (M/DM at 1% of peak height) and
yielded a sensitivity of approximately 17 counts per second per nA
per ppm of 206Pb in zircon SL13. The analytical procedure for U-Pb
dating of zirconwas adapted from Compston et al. (1984), Williams
(1998), and Horie et al. (2006). The U-Pb data were reduced in a
manner similar to that described by Williams (1998), using the
SQUID Excel macro (version 2.50; Ludwig, 2009). Corrections for
common Pb were made using measured 204Pb and the model for
common Pb compositions proposed by Stacey and Kramers (1975).
Concordia and intercept ages were calculated from isotopic U-Pb
datasets using Isoplot/Ex version 3.71 (Ludwig, 2003).
6.2. Results
Zircon grains from the sample analyzed are subhedral and
rounded, with internal complexity most clearly revealed by CL
imaging (Fig. 5). Grains consist mostly of unzoned, weakly
concentrically zoned or sector-zoned zirconwith a relatively low CL
response. Many, but not all, grains also contain distinct irregular
cores of varied appearance, including oscillatory and euhedral
growth zones (Fig. 5a), which are truncated, partially replaced and
mantled by thin zones of very high CL response that separate the
cores from low-CL zircon (Fig. 5b and c). High-CL zircon is also
found as distinct rims and grains of varying thickness, surrounding
low-CL zircon. Growth zones in this generation of zircon are typi-
cally simple and anhedral (Fig. 5d), tend to be thin but are present
to some degree on almost all grains.
Figure 4. PeT diagrams showing calculated pseudosections of mineral assemblages in charnockite from Vesleknausen (sample TS11012409-1) and Rundvågshetta. Hatched areas
show the peak mineral assemblage. q: quartz, pl: plagioclase, ksp: K-feldspar, g: garnet, opx: orthopyroxene, bi: biotite: sill: sillimanite, ky: kyanite, mu: muscovite, sp: spinel, cd:
cordierite, mt: magnetite, ilm: ilmenite, ru: rutile, liq: inferred melt. (a) Vesleknausen charnockite at M(H2O) ¼ 0.2. (b) Vesleknausen charnockite at M(H2O) ¼ 1.0. (c) Run-
dvågshetta charnockite at M(H2O) ¼ 0.2. (d) Rundvågshetta charnockite at M(H2O) ¼ 1.0.
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total of 101 spots on 86 zircon grains were obtained. Considering
the truncated cores, low-CL and outer high-CL zones as distinct
generations of zircon growth, data for each type are presented andassessed separately. Spots that include zircon from cores yielded for
the most part discordant U-Pb and Pb-Pb ages that scatter along a
linear array, with only two concordant analyses yielding
207Pb/206Pb ages of ca. 2.5 Ga (Fig. 6a). Together, 32 core data deﬁne
Figure 5. CL images with 206Pb/238U ages of selected zircons analyzed by SHRIMP. Numbers in parenthesis indicate analyzed spot numbers shown in Table 3. Ages with asterisk
indicate discordant age data.
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2506  15 Ma (95% conﬁdence, MSWD ¼ 3.2). The latter age is
interpreted as the original age of zircon cores derived from a
common source.
Age data for the low-CL type zircon are concordant within 2s
precision, and do not deﬁne a single statistical age population, but
scatter along the Concordia between ca. 610 and 540 Ma (Fig. 6b).
The interpretation of this data is problematic; such distributions
may be generated by a continuous process of zircon growth within
this age range, or by the overlapping of two ormore discrete periods
of zircon growth; they could also be the product of Pb disturbance in
zircon grown about the older end of the age distribution. However,
in all three cases, the extraction from the oldest ages in the dataset
of a Gaussian population, here deﬁned as having a probability of
equivalence of>0.05, provides a statistically robust estimate for the
maximumageof zircon growth. Out of 46 analyses on low-CL zircon,
the 28 oldest data (approximately two thirds of the dataset) deﬁne a
Concordia age of 591.4  2.6 Ma (95% conﬁdence, probability of
equivalence ¼ 0.10, probability of concordance ¼ 0.004). This age is
that of the earliest stage of zircon growth. Younger ages from low-CL
zircon, such as in analysis 63.1 (Fig. 5c), represent later growth and/
or isotopic disturbance after ca. 591 Ma.
Age data for the high-CL grains and rims scatter along the
Concordia in the same age range as the low-CL zircon (Fig. 6c), with
most analyses yielding younger ages than the latter (Fig. 5d). Since
in most grains high-CL zircon occurs as overgrowths on low-CL
metamorphic zircon, we can consider a Gaussian population of
the youngest ages from high-CL zircon as representing the mini-
mum age of growth. Out of 16 analyses on high-CL grains and rims,
the 10 youngest data deﬁne a Concordia age of 547.5  6.8 Ma (95%
conﬁdence, probability of equivalence ¼ 0.16, probability of
concordance ¼ 0.6).
A consideration of the compositions of each type of zircon can
help in understanding the signiﬁcance of these age results. Analyses
on zircon cores yielded variable U and Th contents (Fig. 6d), with
outlying U contents as high as 1600 ppm and Th/U values between0.1 and 1.8. However, most analyses concentrate around a mode of
around 300 ppm U and Th/U ¼ 0.6. Since zircon cores yielded a
consistent upper intercept age of ca. 2506 Ma, and host rock is
interpreted as a melt derived from the host orthogneiss, we inter-
pret the age and compositions as those of themagmatic protolith of
the orthogneiss. For the low-CL type of zircon, U and Th composi-
tions have a very similar distribution to the majority of cores, sug-
gesting that this generation was formed through dissolution and
regrowth of zircon in the orthogneiss, in the absence of composi-
tional changes or co-existing U- and Th-bearing phases, as early as
ca. 591 Ma. This is in contrast to the high-CL zircon rims that over-
grow low-CL zircon, which are strongly depleted in U (<100 ppm)
and, to a lesser degree, Th, with Th/U values between 1.1 and 2.7.
These compositions indicate a change in mineral or bulk chemistry
between the time of growth of low-CL and high-CL zircon. This
changemaybe a result of zircon crystallizing out of themelt-derived
Fs-Px rock, as late as ca. 547 Ma. This interpretation is consistent
with the undeformed nature of the Fs-Px rock (Fig. 2e). Alterna-
tively, high-CL zircon may be the product of ﬂuid activity after the
crystallization of the melt, although there is no substantiating evi-
dence for this hypothesis. In either case, the zircon ages constrain
growth during high-grade metamorphism to 591‒548 Ma.
7. Discussion
7.1. Petrology and metamorphic conditions
This is the ﬁrst report on geology, petrology, and geochronology
of granulites fromVesleknausen, located in thehighest-grade region
of the Lützow-Holm Complex, which corresponds to the late Neo-
proterozoic/Cambrian collisional orogeny in East Antarctica. The
dominant lithology of this region comprises felsic to intermediate
orthogneiss, maﬁc orthogneiss, and Hbl-Px granulite with subordi-
nate biotite gneiss and pegmatite. Similar lithological sequences
have also been reported fromadjacent localities such as Strandnibba
(Motoyoshi et al.,1985b) andRundvågshetta (Motoyoshi et al.,1986)
Figure 6. (a) Tera-Wasserburg Concordia diagram showing U-Pb and Pb/Pb ratios of oscillatory-zoned zircons in sample TS11012406B and their discordance. (b) Concordia diagram
showing U-Pb and Pb/Pb ratios of low-CL zircons in the sample. (c) Concordia diagram showing U-Pb and Pb/Pb ratios of high-CL zircons in the sample. (d) U vs. Th/U diagram
showing variations of Th and U contents in the three types of zircon.
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Complex is composed dominantly of orthogneiss including char-
nockite and maﬁc-ultramaﬁc granulites, while metasediments are
more abundant in the region to the north such as Skallen and Skal-
levikshalsen (see Fig. 1a). The peak metamorphic condition of
Vesleknausen has been estimated to be 750e850 C andw10 kbar
based on pseudosection analysis of the mineral assemblage within
felsic to intermediate orthogneiss (charnockite) in NCKFMASHTO
system (Fig. 4a and b). The temperature range is consistent with an
estimate of 780e790 C using hornblende-plagioclase equilibria
(Holland and Blundy, 1994) in maﬁc orthogneiss. This is more than
150 C lower than the peak temperatures at Rundvågshetta, located
immediately northeast of Vesleknausen, from which peak
UHT metamorphism at w1000 C has been inferred from
sapphirine þ quartz and orthopyroxene þ sillimanite þ quartz as-
semblages in pelitic granulites (e.g., Motoyoshi and Ishikawa, 1997;
Yoshimura et al., 2008a; Kawasaki et al., 2011). However, it has to be
noted that such diagnostic mineral assemblages of UHT meta-
morphism have been reported only from various layers of meta-
sediment on the northern margin of Rundvågshetta; elsewhere,
felsic to maﬁc orthogneisses are predominate (Motoyoshi et al.,
1986), similar to Vesleknausen. No PeT data has been reported
from Rundvågshetta orthogneisses.
Accordingly, we constructed NCKFMASHTO pseudosections for
felsic orthogneiss (charnockite) from Rundvågshetta and compared
the PeT conditions with those from Vesleknausen. The PeT pseu-
dosection in Fig. 4c, calculated at M(H2O) ¼ 0.2 mol.% demonstratesthat themineral assemblage in charnockite is stable over awide PeT
range, fromw800 C at 2 kbar to 870 C at 9 kbar (hatched area in
Fig. 4c). The stability ﬁeld shifts to slightly higher conditions of
w13 kbar andw890 C ifM(H2O) of 1.0mol.% is applied (Fig. 4d). The
PeT conditions are still more than 100 C lower than the peak PeT
conditions (w1000 C) obtained from sapphirine granulites in the
area, and more comparable with those at Vesleknausen. Our results
therefore suggest that orthogneisses in the two regions underwent
similar high-T metamorphism during late Neoproterozoic. The
T> 1000 CUHTmetamorphic condition reported from thenorthern
margin of Rundvågshetta, therefore, might be a local high-
temperature event, although we cannot neglect a possibility that
PeT conditions estimated in this study correspond to a retrograde
stage.
7.2. Timing of magmatism and metamorphism
SHRIMPU-Pb analysis of oscillatory-zoned cores of zircons in Fs-
Px rock, which cuts foliation of maﬁc orthogneiss (Fig. 2e) and was
probably formed by partial melting at high-grade stage, yielded
Concordia intercept ages of 2507.9  7.4 Ma (upper intercept),
which is regarded as the timing of protolith formation. Lack of ages
older than 2.5 Ga suggests that cores of zircons in this sample were
formed by single Neoarchean magmatic event, although we cannot
completely reject a possibility that the 2.5 Ga zircon grains are
detrital or xenocrystic, and the main magmatism that formed the
protoliths of felsic to maﬁc orthogneisses in Vesleknausen took
Table 4
Zircon SHRIMP U-Pb-Th rations and ages from sample Ts11012406B (Fs-Px rock) from Vesleknausen.
Spot 206Pbc
(%)
U (ppm) Th (ppm) 232Th/238U 206Pb* (ppm) 204Pb/206Pb % 207Pb/206Pb % 238U/206Pb* % 207Pb*/206Pb* % 206Pb*/238U, age 207Pb*/206Pb*, age % Discordant NB.
High CL grains and rims
8.1 0.40 69 116 1.73 5.2 2.2E-4 50 0.0590 2.4 11.52 1.3 0.0557 3.9 536 7 440 86 23 Rim
6.1 0.75 37 67 1.86 2.8 4.2E-4 50 0.0659 3.1 11.49 1.6 0.0598 6.2 538 8 596 134 þ10 Rim
24.2 0.15 45 69 1.59 3.3 8.5E-5 100 0.0600 10.0 11.46 1.5 0.0588 10.4 539 8 559 228 þ4 Rim
60.1 0.70 49 128 2.71 3.7 3.9E-4 45 0.0625 2.7 11.44 1.5 0.0567 5.5 540 8 480 121 13 Rim
18.2 0.72 71 80 1.16 5.4 4.0E-4 35 0.0646 2.2 11.30 4.0 0.0587 4.3 547 21 557 93 þ2 Rim
7.1 0.38 54 117 2.23 4.1 2.1E-4 58 0.0623 2.6 11.21 1.4 0.0592 4.1 551 7 573 89 þ4 Rim
4.1 0.11 54 97 1.84 4.2 6.3E-5 100 0.0607 2.5 11.04 5.2 0.0598 2.9 559 28 595 63 þ6 Grain
20.1 0.17 42 100 2.48 3.3 9.3E-5 100 0.0637 2.9 10.95 1.5 0.0624 3.7 563 8 687 79 þ19 Grain
37.1 0.18 38 80 2.14 3.0 1.0E-4 100 0.0641 3.1 10.91 1.6 0.0626 4.0 565 9 695 85 þ20 Rim
43.1 e 59 121 2.10 4.7 e e 0.0571 2.6 10.90 5.6 0.0571 2.6 566 30 497 58 14 Grain
50.2 0.32 42 93 2.27 3.4 1.8E-4 71 0.0652 2.9 10.58 1.5 0.0625 4.2 582 9 693 90 þ17 Rim
64.1 0.76 53 97 1.88 4.3 4.3E-4 41 0.0687 2.5 10.56 1.5 0.0625 4.9 583 8 691 105 þ16 Rim
85.1 0.13 55 116 2.17 4.5 7.6E-5 100 0.0573 2.8 10.52 1.5 0.0562 3.4 586 8 459 76 29 Rim
11.1 0.56 44 95 2.23 3.6 3.2E-4 50 0.0659 2.7 10.50 1.5 0.0613 4.7 586 8 649 102 þ10 Grain
22.1 0.41 47 75 1.65 4.0 2.3E-4 58 0.0639 2.7 10.03 1.5 0.0605 4.2 613 9 623 91 þ2 Rim
36.2 0.00 28 50 1.85 2.4 e e 0.0618 3.5 9.87 1.8 0.0618 3.5 622 11 666 75 þ7 Rim
Low CL grains, mantles and rims
53.1 0.06 461 347 0.78 34 3.3E-5 50 0.0595 0.9 11.50 0.9 0.0590 1.0 537 4 569 22 þ6
69.1 0.06 242 139 0.59 18 3.5E-5 71 0.0600 1.3 11.31 1.0 0.0595 1.4 546 5 586 31 þ7
30.1 0.22 286 159 0.57 22 1.2E-4 33 0.0618 1.1 11.02 0.9 0.0600 1.5 560 5 604 33 þ8
24.1 e 308 187 0.63 24 1.1E-5 100 0.0603 4.1 11.02 0.9 0.0604 4.1 560 5 619 88 þ10
58.1 0.00 362 179 0.51 28 e e 0.0596 1.0 10.99 2.0 0.0596 1.0 561 11 590 22 þ5 Rim
68.1 0.13 402 236 0.61 32 7.2E-5 38 0.0592 1.0 10.96 0.9 0.0582 1.2 563 5 536 27 5 Rim
56.1 0.13 342 206 0.62 27 7.3E-5 38 0.0603 1.0 10.91 1.9 0.0592 1.2 565 10 574 27 þ2
63.1 0.12 279 174 0.64 22 6.8E-5 45 0.0601 1.1 10.90 0.9 0.0591 1.4 566 5 570 30 þ1 Rim
79.1 e 311 196 0.65 25 6.4E-5 45 0.0583 1.1 10.90 0.9 0.0592 1.3 566 5 574 28 þ2
51.1 0.12 357 85 0.24 28 7.0E-5 38 0.0596 1.0 10.86 0.9 0.0585 1.2 568 5 550 26 3
74.2 0.07 290 94 0.33 23 3.9E-5 58 0.0582 1.1 10.83 0.9 0.0577 1.3 569 5 517 28 11
72.1 0.13 289 153 0.55 23 7.4E-5 41 0.0605 1.1 10.81 0.9 0.0594 1.3 570 5 581 29 þ2
66.1 e 418 249 0.62 33 8.6E-6 100 0.0594 0.9 10.81 0.9 0.0595 0.9 571 5 586 20 þ3
71.1 0.07 380 232 0.63 30 4.1E-5 50 0.0604 1.0 10.73 0.9 0.0598 1.1 574 5 595 24 þ4
57.1 0.14 439 256 0.60 35 7.6E-5 33 0.0596 0.9 10.69 2.2 0.0585 1.1 576 12 547 24 6
80.1 0.11 255 167 0.68 20 6.2E-5 50 0.0605 1.2 10.69 0.9 0.0596 1.5 576 5 588 32 þ2
38.1 0.04 323 166 0.53 26 2.2E-5 71 0.0594 1.0 10.68 0.9 0.0591 1.1 577 5 572 24 1
86.1 e 401 278 0.72 32 2.1E-5 71 0.0599 1.0 10.63 0.9 0.0602 1.1 580 5 610 23 þ5
75.1 0.02 418 327 0.81 34 8.7E-6 100 0.0594 0.9 10.63 1.9 0.0593 0.9 580 10 577 21 0
34.1 0.02 306 193 0.65 25 1.1E-5 100 0.0593 1.1 10.59 0.9 0.0591 1.1 582 5 571 24 2
35.1 0.07 284 211 0.77 23 3.8E-5 58 0.0592 1.1 10.59 0.9 0.0586 1.3 582 5 554 27 5
9.1 e 326 199 0.63 27 4.2E-5 50 0.0593 1.1 10.55 0.9 0.0599 1.2 584 5 599 27 þ3
54.1 0.07 426 246 0.60 35 4.1E-5 45 0.0596 0.9 10.51 0.9 0.0590 1.0 586 5 567 22 3
60.2 0.25 366 272 0.77 30 1.4E-4 26 0.0624 0.9 10.51 0.9 0.0604 1.3 586 5 618 28 þ6
55.1 0.07 351 185 0.54 29 4.0E-5 50 0.0597 1.0 10.49 0.9 0.0591 1.1 587 5 570 24 3
46.1 0.00 389 294 0.78 32 e e 0.0599 3.3 10.48 0.9 0.0599 3.3 587 5 600 71 þ2
52.1 0.11 345 225 0.67 28 6.1E-5 41 0.0612 1.0 10.48 0.9 0.0603 1.2 588 5 616 25 þ5
16.1 e 473 172 0.37 39 2.2E-5 58 0.0583 0.9 10.46 0.9 0.0586 0.9 589 5 552 20 7
59.1 0.13 204 132 0.67 17 7.2E-5 50 0.0589 1.3 10.46 1.0 0.0578 1.6 589 5 524 36 13 Rim
18.1 0.12 216 141 0.68 18 6.5E-5 50 0.0610 1.2 10.45 1.0 0.0600 1.5 589 5 604 32 þ3
42.1 e 370 233 0.65 30 2.0E-5 71 0.0589 1.0 10.45 2.1 0.0592 1.0 589 12 575 22 2
15.1 0.04 491 374 0.79 40 2.2E-5 58 0.0589 0.9 10.43 2.1 0.0586 0.9 590 12 551 20 8
33.1 e 363 194 0.55 30 9.0E-6 100 0.0585 4.9 10.41 2.0 0.0586 4.9 591 11 552 108 7
81.1 0.02 315 193 0.63 26 1.3E-5 100 0.0603 1.1 10.41 0.9 0.0601 1.2 591 5 607 25 þ3
6.2 0.22 342 203 0.61 28 1.2E-4 29 0.0616 1.0 10.38 2.7 0.0598 1.3 593 15 596 29 þ1
3.1 0.16 413 240 0.60 34 8.9E-5 30 0.0599 0.9 10.35 0.9 0.0586 1.1 594 5 554 25 8
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48.1 0.13 282 150 0.55 23 7.5E-5 41 0.0608 1.1 10.34 2.2 0.0597 1.3 595 12 593 29 0
22.2 0.09 278 158 0.59 23 4.9E-5 50 0.0596 1.1 10.33 0.9 0.0588 1.3 596 5 561 28 6
73.1 e 334 154 0.48 28 3.3E-5 58 0.0599 1.0 10.25 0.9 0.0604 1.1 600 5 618 24 þ3
65.1 0.09 331 204 0.64 28 5.3E-5 45 0.0593 1.0 10.25 0.9 0.0585 1.2 600 5 549 26 10
36.1 0.12 353 231 0.68 30 6.8E-5 38 0.0608 3.8 10.21 0.9 0.0598 3.9 603 5 596 85 1
62.1 0.02 328 195 0.61 28 1.1E-5 100 0.0598 1.0 10.20 0.9 0.0597 1.1 603 5 592 23 2
26.1 0.00 428 237 0.57 36 e e 0.0593 0.9 10.19 0.9 0.0593 0.9 604 5 579 19 4
25.1 0.09 316 89 0.29 27 5.3E-5 45 0.0599 1.0 10.18 0.9 0.0592 1.2 604 5 573 26 6
45.1 e 504 385 0.79 43 7.2E-6 100 0.0591 0.8 10.18 1.9 0.0592 0.9 604 11 573 19 6
78.1 0.10 256 133 0.54 22 5.6E-5 50 0.0599 1.2 10.15 3.2 0.0591 1.4 606 18 572 30 6
Magmatic cores and core-rim mixtures
32.1 0.20 296 50 0.17 25 1.2E-4 32 0.0640 1.0 10.19 0.9 0.0623 1.4 603 5 685 29 þ12
40.1 0.10 358 240 0.69 33 5.7E-5 41 0.0843 0.8 9.31 0.9 0.0835 0.9 658 6 1282 18 þ51
2.1 0.16 300 131 0.45 31 8.9E-5 32 0.0938 0.8 8.20 2.3 0.0925 0.9 741 16 1478 17 þ53
19.1 0.05 307 38 0.13 39 3.1E-5 50 0.1069 0.7 6.73 0.9 0.1064 0.7 893 7 1739 13 þ52
28.1 0.09 220 116 0.54 31 5.3E-5 41 0.1187 0.7 6.03 1.0 0.1180 0.8 990 9 1926 14 þ52
29.2 0.10 274 132 0.50 40 6.1E-5 38 0.1170 3.3 5.95 2.2 0.1162 3.3 1001 20 1899 60 þ51
71.2 0.05 314 265 0.87 56 3.2E-5 41 0.1297 2.4 4.85 0.9 0.1292 2.5 1208 10 2088 43 þ46
84.1 0.05 332 229 0.71 60 2.8E-5 45 0.1356 0.5 4.78 0.9 0.1352 0.5 1224 10 2167 9 þ48
69.2 0.03 644 155 0.25 130 2.1E-5 35 0.1392 2.1 4.25 4.7 0.1389 2.1 1362 58 2214 37 þ43
12.1 0.06 776 760 1.01 158 3.6E-5 21 0.1390 2.0 4.22 4.0 0.1385 2.0 1372 50 2209 34 þ42
77.1 0.05 354 204 0.59 79 3.1E-5 35 0.1442 2.7 3.86 0.9 0.1438 2.7 1486 12 2273 47 þ39
34.2 0.01 1484 2017 1.40 349 7.8E-6 32 0.1452 0.2 3.65 1.2 0.1451 0.2 1561 17 2289 3 þ36
8.2 0.07 301 87 0.30 74 4.5E-5 30 0.1448 0.4 3.51 2.7 0.1442 0.5 1618 39 2278 8 þ33
83.1 0.02 297 177 0.61 77 1.3E-5 58 0.1530 3.4 3.31 0.9 0.1528 3.4 1703 14 2378 58 þ32
14.1 0.25 115 109 0.97 32 1.6E-4 24 0.1483 3.6 3.12 6.1 0.1462 3.7 1794 95 2302 63 þ25
10.1 0.03 359 248 0.71 104 1.8E-5 38 0.1532 2.8 2.98 0.9 0.1530 2.8 1867 15 2380 47 þ25
35.2 0.01 582 502 0.89 168 5.3E-6 58 0.1543 0.3 2.97 0.8 0.1543 0.3 1870 14 2394 5 þ25
29.1 0.03 364 308 0.88 105 1.9E-5 38 0.1566 1.4 2.97 4.4 0.1563 1.4 1872 71 2416 23 þ26
5.1 0.03 334 123 0.38 103 1.9E-5 38 0.1544 0.3 2.80 0.9 0.1542 0.4 1969 15 2393 6 þ21
39.1 0.04 440 134 0.32 136 2.5E-5 29 0.1546 1.5 2.77 2.0 0.1542 1.5 1988 35 2394 26 þ20
50.1 0.02 484 318 0.68 151 1.3E-5 38 0.1581 0.3 2.75 0.8 0.1580 0.3 2000 15 2434 5 þ21
27.1 0.07 171 210 1.26 54 4.9E-5 33 0.1557 2.5 2.72 1.1 0.1550 2.5 2016 18 2402 42 þ19
63.2 0.06 467 298 0.66 149 3.8E-5 23 0.1578 1.7 2.70 2.5 0.1573 1.7 2034 43 2427 28 þ19
91.1 0.12 210 109 0.53 67 8.1E-5 100 0.1663 1.8 2.69 3.1 0.1653 2.0 2039 54 2511 33 þ22
89.1 e 477 331 0.72 153 e e 0.1609 2.4 2.68 1.0 0.1609 2.4 2043 17 2465 40 þ20
41.1 0.01 232 139 0.62 75 8.0E-6 71 0.1587 0.4 2.67 0.9 0.1586 0.4 2050 17 2441 7 þ19
49.1 e 264 133 0.52 87 1.3E-5 50 0.1573 2.9 2.62 4.6 0.1575 2.9 2083 82 2429 48 þ17
23.1 0.01 1537 376 0.25 504 7.3E-6 28 0.1572 0.2 2.62 0.8 0.1571 0.2 2086 14 2425 3 þ16
70.2 0.02 771 1299 1.74 253 1.1E-5 32 0.1571 1.3 2.61 0.8 0.1569 1.3 2089 15 2423 23 þ16
1.1 0.02 217 87 0.41 73 1.4E-5 50 0.1605 1.4 2.55 0.9 0.1603 1.4 2131 17 2459 23 þ16
13.1 0.03 307 155 0.52 104 2.0E-5 41 0.1620 0.6 2.55 1.7 0.1617 0.6 2135 31 2474 10 þ16
61.1 0.08 139 63 0.47 47 5.7E-5 33 0.1592 2.0 2.53 1.0 0.1585 2.0 2144 19 2439 34 þ14
74.1 e 335 155 0.48 114 5.2E-6 71 0.1574 2.2 2.52 0.9 0.1575 2.2 2155 16 2429 37 þ13
82.1 e 276 192 0.72 95 e e 0.1603 0.4 2.49 0.9 0.1603 0.4 2175 17 2459 7 þ14
67.1 0.04 155 77 0.51 54 2.7E-5 45 0.1617 4.2 2.47 2.9 0.1613 4.2 2190 54 2470 71 þ13
47.1 0.02 314 204 0.67 111 1.3E-5 45 0.1625 1.3 2.43 0.9 0.1624 1.3 2218 17 2481 21 þ12
44.1 0.01 289 160 0.57 102 8.8E-6 58 0.1602 0.4 2.43 0.9 0.1601 0.4 2225 17 2457 6 þ11
76.1 0.02 227 178 0.81 92 1.7E-5 45 0.1669 0.4 2.12 0.9 0.1667 0.4 2488 20 2525 6 þ2 Conc.
21.1 0.05 173 94 0.56 71 3.3E-5 35 0.1655 0.4 2.08 1.0 0.1651 0.4 2532 21 2509 7 1 Conc.
Errors are 1s; Pbc and Pb* indicate the common and radiogenic portions, respectively.
Error in standard calibration was 0.24% (not included in above errors but required when comparing data from different mounts).
Common Pb corrected using measured 204Pb.
NB. conc. ¼ concordant ages.
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T. Tsunogae et al. / Geoscience Frontiers 5 (2014) 167e182180place at ca. 600 Ma. However, similar Neoarchean ages obtained
from Sil-Bt-Grt gneiss from Rundvågshetta (2.53 Ga Sm-Nd TDM
age; Shiraishi et al., 2008) and also from Botnnuten (2.5 Ga SHRIMP
zircon age, Dunkley, unpublished data) within the southwestern
Lützow-Holm Complex suggest regional Neoarchean magmatism.
The timing of peak metamorphism of the Lützow-Holm Complex
has been inferred to be 520‒550 Ma by SHRIMP zircon dating (e.g.,
Shiraishi et al.,1994; Fraser et al., 2000) and 500‒560Ma bymonazite
electron microprobe (EMP) dating (Hokada and Motoyoshi, 2006). In
this study, we obtained a maximum age of ca. 591 Ma U-Pb ages for
high-U (low-CL) zircons in Fs-Px rock. U and Th compositions of the
zircons have a very similar distribution to the majority of oscillatory-
zoned 2.5 Ga magmatic cores (Fig. 6d), suggesting that this genera-
tion was formed through dissolution and regrowth of zircon in the
orthogneiss. As the Fs-Px rock cuts foliation of matrix maﬁc orthog-
neiss, the major deformation event in Vesleknausen probably took
place before ca. 591 Ma. The ca. 2.5 Ga and 591 Ma zircons are often
surroundedby low-U(high-CL) rimswithaminimumageofgrowthof
ca. 548Ma, suggesting that theyoungest zirconsmight have grownby
crystallization from low-Umelt or by ﬂuid activity after the crystalli-
zation. The high-grade metamorphism of Vesleknausen thus took
place between 591 and 548 Ma.
Suda et al. (2008) argued that, based on geochemical and isotopic
studies ofmetabasites, the Lützow-Holm Complex is divided into two
lithological domains: a younger (1.0‒1.8 Ga) amphibolite-granulite
terrane in the Prince Olav Coast and northern Lützow-Holm Bay
areas, and an older (2.3‒2.9 Ga) granulite terrane in the southern
Lützow-HolmBayarea (see Fig.1a), and the twounitswere assembled
by multiple subduction of Pan-African and/or pre-Pan-African age.
Although few magmatic age data were reported from the granulite
terrane in the southern Lützow-Holm Complex, our new SHRIMP
zircon ages conﬁrm that the southwestern part of the Lützow-Holm
Complex is composed of Neoarchean crust, and there is a major
geochronological, lithological, and PeT gap around Rundvågshetta,
which may correspond to the unit boundary discussed in Suda et al.
(2008).
Similar Neoarchean (ca. 2.5 Ga) magmatic ages and Neo-
proterozoic (ca. 530‒590Ma)metamorphic ageswere reported from
the Madurai Block in southern India (Collins et al., 2013). Although
the Madurai Block has been regarded as a single granulite block
separated from other blocks (such as Nilgiri and Trivandrum Blocks)
by the Palghat-Cauvery andAchankovil suture zones, recent detailed
geochronological investigations suggest that the block is composed
of three fragments on the basis of magmatic ages (Neoarchean
Northwestern Madurai Block, Paleoproterozoic Northern Madurai
Block, and Meso- to Neoproterozoic Southern Madurai Block), and
that they were amalgamated before the ﬁnal collision stage and
subsequently metamorphosed during the late Neoproterozoic
(Collins et al., 2013). The similarity of geochronology (Neoarchean
magmatic age and Neoproterozoic metamorphic age) as well as li-
thology (dominantly composed of granulite-facies felsic to inter-
mediate orthogneisses) between the Northwestern Madurai Block
and southwestern Lützow-Holm Complex suggests that the two re-
gions might have been formed by related tectonic events. Santosh
et al. (2009a) argued that the Madurai Block is a long-lived
magmatic arc formed by Paciﬁc-type subduction-accretion
orogeny, which collided with the Archean Dharwar Craton and sub-
sequently beenmetamorphosed duringNeoproterozoic to Cambrian
times. The calc-alkaline afﬁnity of felsic to intermediate orthogneiss
in Vesleknausen (see chemical compositions in Fig. 4a) might also
support that Rundvågshetta-Vesleknausen-Strandnibba region in
the southwestern Lützow-Holm Complex was a single crustal block
formed, at least inpart, byca. 2.5Ga arcmagmatism. TheNeoarchean
terrane might have amalgamated with other fragments (such as
metasedimentary units in the northern Lützow-Holm Bay area) bysubduction/collision events during the assembly of Gondwana Su-
percontinent, and subsequently metamorphosed at ca. 591‒548 Ma
related to the ﬁnal collisional event.
8. Conclusion
The dominant lithologies of Vesleknausen in the highest-grade
region of the Lützow-Holm Complex in East Antarctica, comprises
felsic to intermediate orthogneiss (mainly charnockite), maﬁc
orthogneiss, and Hbl-Px granulite. The strong gneissosity in the li-
thologies suggests high-strain deformation during prograde stage.
The peak metamorphic condition of this area has been estimated by
hornblende-plagioclase geothermometry of maﬁc granulite
(780790 C) and pseudosection analysis of felsic orthogneiss in
NCKFMASHTO system (750e850 C). These conditions are approxi-
mately 150 C lower than the peak conditions at Rundvågshetta,
located immediately northeast of Vesleknausen, from which peak
UHT metamorphic conditions of w1000 C has been inferred from
sapphirine þ quartz and orthopyroxene þ sillimanite þ quartz as-
semblages in pelitic granulites. We therefore performed pseudo-
section analysis of felsic orthogneiss (charnockite) from
Rundvågshetta, and obtained lower temperature conditions of
w870 C comparable to those at Vesleknausen. Our results therefore
suggest thatorthogneisses in the tworegionsunderwent similarhigh-
T metamorphism, and the T > 1000 C UHT metamorphic condition
reported from the northernmargin of Rundvågshettamight be a local
thermal event. SHRIMPU-Pb analysis of zircons in a Fs-Px rock,which
corresponds to a partially molten patch around maﬁc orthogneiss,
yielded Concordia intercept ages of 2507.9 7.4Ma (upper intercept)
which probably derive from orthogniesses metamorphosed much
later to produce the melt. Peak metamorphism took place between
591 and 548Ma, as obtained from rims aroundmagmatic zircon. Our
results suggest that the Rundvågshetta-Vesleknausen-Strandnibba
region in the southwestern Lützow-Holm Complex, where orthog-
neisses are dominant, corresponds to a single crustal block formed by
ca. 2.5 Ga arc magmatism. This Neoarchean magmatic terrane amal-
gamated with other crustal fragments (such as metasedimentary
units in northern Lützow-Holm Bay) by subduction/collision events
during the assembly of Gondwana Supercontinent, and subsequently
underwent w850 C granulite-facies metamorphosed during Neo-
proterozoic to Cambrian (ca. 591‒548 Ma) orogenesis.Acknowledgments
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